Removing soot is one of the most important challenges in minimizing the impact of combustion engines on the environment. Catalysts based on CeO 2 have proved suitable to oxidize soot due to their capacity to store and release oxygen easily while maintaining structural integrity, although their mode of operation in a complex environment involving two solid phases (catalyst and soot) and a gas phase (oxygen) is not yet fully understood. Here we provide a study of the surface/subsurface of ceria-soot and ceria-zirconia-soot mixtures under working conditions by means of near ambient pressure photoelectron spectroscopy. Soot abatement involves two cooperative routes: one occurring at the ceria-soot interface with formation of oxygen vacancies and Ce III , and another at the surface of soot mediated by active superoxide species, which result from the reaction between gas-phase O 2 and oxygen vacancies. The two routes occur simultaneously and mutually reinforce each other.
Soot elimination constitutes a serious environmental and health concern as soot particles are undesired by-products formed in combustion processes and emitted as a main pollutant from diesel engines. Usually, particle traps are used for soot removal and, in order to avoid filter blocking, effective regeneration systems have been developed to oxidize soot. Thermal combustion of soot usually requires temperatures above 600°C, and catalysts play a key role in lowering the ignition temperature. Ceria-based catalysts are among the most effective for diesel soot oxidation [1] and incorporation of Zr and rare earth elements, particle morphology and ceria-soot interface have been demonstrated to be strongly involved in the dynamics of the reaction. [2] It has been generally assumed that soot oxidation proceeds via a Mars-Van Krevelen mechanism.
That is, lattice oxygen in the first few surface layers of ceria is transferred onto soot, and gaseous O 2 fills up the vacancies created on the oxide in a further step. [3] However, the mechanism of action has also been associated with the availability of adsorbed active oxygen species which spillover onto the soot surface. [3a,4] Formation of paramagnetic O 2 -superoxide species and diamagnetic O 2 2-peroxide species has been claimed to occur when reduced CeO 2-x is exposed to O 2 , [5] and it has been suggested that these are indeed the precursor surface species which are responsible for soot oxidation. [3a,6] In the present study, we use operando ambient pressure X-ray photoelectron spectroscopy (AP-XPS) for the first time to study the surface of CeO 2 and Ce 0.8 Zr 0.2 O 2 catalysts during soot oxidation. AP-XPS is a unique surfacesensitive characterization tool essential to identify the active species at work in reducible oxides such as ceria-based materials, as the surface restructuring driven by the reaction environment induces strong changes in their architecture that cannot be followed under UHV conditions.
[7] Figure S1 ), in accordance with earlier reports. [2b,8] This greatly increases the number and quality of contact points between the catalyst and carbon, shifting the combustion of soot to exceptionally low temperatures (Table S1 ).
Three operando AP-XPS experiments (ALBA synchrotron light source) were carried out at 1 mbar over CeO 2 : (i) heating CeO 2 from room temperature up to 450°C under Ar, to be used as blank experiment, (ii) heating the CeO 2 -soot mixture from room temperature up to 550°C under Ar and then replacing Ar with O 2 , and (iii) heating the CeO 2 -soot mixture from room temperature up to 550°C
under O 2 . It is well known that heating CeO 2 under inert atmosphere causes the formation of oxygen vacancies and the concomitant reduction of Ce IV to Ce III . [9] As expected, Ce III increased with temperature ( Figures 1a and S2 ). However, in the presence of soot, ceria reduction was significantly higher (Figures 1 and 2), which means that ceria lattice oxygen atoms directly react with soot, in accordance with the Mars-Van Krevelen mechanism and with previous reports. [10] This observation is also supported by the progressive decrease of the C/Ce atomic ratio as the temperature increases (C/Ce=24.4 at 450°C vs.
16.0 at 550°C). At 550°C, Ar was replaced with O 2 and, as expected, Ce III reoxidized to Ce IV to a large extent (Figure 2d ), reducing the total amount of Ce III from ca. 50 to 16%. The introduction of oxygen on a heavily reduced ceria surface results, not only in the reoxidation of Ce III , but also in a deep oxidation of residual soot (C/Ce from 16 to 2.9). Under Ar, the O 1s signal recorded at 528.7 eV ( Figure   3a ) corresponds to ceria lattice oxygen, and the minor contribution at 530.7 eV is ascribed to different ceria lattice oxygen environments upon vacancy formation. [11] It should be mentioned that, in the presence of soot (Figure 3b ), there is a broadening of the O 1s signal at high binding energies with respect to the spectrum of bare CeO 2 (Figure 3a) , pointing to a variety of surface/subsurface oxygen environments, which can be directly related with the higher amount of Ce III in the CeO 2 -soot sample (bare soot showed an O/C ratio of only ∼0.04, thus the contribution of soot to the O 1s signal is negligible). Upon contact with oxygen, in addition to the peaks at 538.6 and 537.5 eV corresponding to paramagnetic O 2 in the gas phase, [12] two peaks at 530.5 and 532.2 eV appeared (Figure 3c ). According to literature, these peaks are attributed to peroxide (O 2 2-) and superoxide (O 2 -) species, respectively.
[13] In a separate experiment, the CeO 2 -soot sample was heated from room temperature up to 550°C under O 2 (Figure 1c and Figure S3 ). In this case, the amount of Ce III species remained low over the entire temperature range, indicating that the oxygen vacancies created at the ceria-soot interface reacted rapidly with O 2 , as expected. As outlined above, the reaction between molecular O 2 and the oxygen vacancies form active oxygen species (O 2 2-and O 2 -), [14] which were clearly seen in the O 1s spectra of the experiment carried out under O 2 (Figure 3d ). ). 5-Spillover of active oxygen species onto soot. 6-Reaction between soot and active oxygen species and release of CO 2 . The cycle starts over again at the new contact points between soot and ceria until soot is completely oxidized.
Our AP-XPS results support a mechanism where ceria is first reduced by soot at the interface between the carbon particles and the ceria surface releasing CO 2 , and then the reduced ceria surface reacts with gaseous oxygen refilling the oxygen vacancies and yielding peroxide/superoxide species. These active oxygen species likely migrate to the carbon surface and react efficiently to form CO 2 at a much lower energy cost. Then, a new contact point between soot and the surface of ceria is established and the cycle starts over again (Scheme 1). To further validate this scheme, we studied Ce 0.8 Zr 0.2 O 2 -soot mixed under supertight conditions, which showed an extraordinary low soot combustion temperature (Table S1) .
[2b] The amount of Ce III upon heating under
Ar was, in all cases, higher than that recorded over the CeO 2 -soot sample (Figures 1b, 1d, 4a , and S4). The O 1s spectrum recorded under Ar showed three components at 528.7, 530.2 and 532.2 eV (Figure 4c) . The peaks at 528.7 and 530.2 eV correspond to lattice oxygen and surface oxide ions with low coordination resulting from vacancy formation, respectively. The peak at 532.2 eV, attributed to superoxide species, was extraordinarily intense. At 550°C, the Ar atmosphere was replaced with O 2 and the amount of Ce III immediately decreased from ca. 60% to 23.5% (Figure 4b ). At the same time, the O 1s peak of surface oxide ions with low coordination associated to Ce III present at the surface/subsurface (at 530.2 eV) decreased due to the reoxidation of ceria (Figure 4d ). In addition, the superoxide signal at 532.1 eV dominated the spectrum and the O/Ce ratio increased from 17.4 to 23.2, in agreement with FTIR and EPR measurements of previous reports, [15] thus supporting the idea that the superoxide O 2 -species formed by reaction between molecular O 2 and oxygen vacancies redistributed on the catalyst surface. 
